Introduction
environmental attributes was expressed using Suitability Indices (SIs) calibrated by standardized lobster abundance derived from 14 years of fishery independent survey. A regional ocean model (Finite-Volume Community Ocean Model) was integrated with the HSI to hindcast spatiotemporal variability of bioclimate envelopes for American lobster in coastal waters of Maine and New Hampshire from 1978 to 2013. The model predictions indicated higher habitat suitability in inshore waters for both adult and juvenile lobsters. A statistically significant increasing trend in habitat suitability was observed for both sexes and stages (juvenile and adult) during the spring (April-June), while no significant trend in habitat suitability was observed in the fall (September-November) . This study provides a modeling framework to reconstruct climatically suitable lobster ranges that can be used to formulate climate-based hypotheses for future studies of this species.
INTRODUCTION
American lobster, Homarus americanus, is a large benthic crustacean present throughout coastal Northwest Atlantic waters, from Labrador, Canada to Cape Harettas, USA (Lawton and Lavalli, 1995; Wahle et al., 2013) . The species is abundant in shallow coastal waters (<50 m) of the Gulf of Maine (GOM) and southern Gulf of St., Lawrence out to the canyons of the continental slope (Aiken and Waddy, 1986) , but is often found in the intertidal zone at depths down to 700 m (Lawton and Lavalli, 1995) . It prefers coarse rocky substrate often characterized by cobble and boulder, but can also be found on several other substrate types such as mud and sand base with rock (Lawton and Lavalli, 1995) . H. americanus in the GOM supports one of the most valuable fisheries in the USA with an estimated ex-vessel value of $460 million in 2013 (ASMFCa, 2015) .
Due to its ectothermic nature, water temperature has a significant impact on H. americanus life history, especially when coupled with non-optimal dissolved oxygen and salinity conditions (Mercaldo-Allen and Kuropat, 1994) . H. americanus can tolerate a wide range of temperatures and salinity, from 0-25
• C and 15-32 ppt, respectively, but the species exhibits affinity to a specific thermal (8-18 • C) and salinity (0-32 ppt) range to maximize its physiological functionality (Reynolds and Casterlin, 1979; Crossin et al., 1998; ASMFC, 2009) .
Adult H. americanus exhibit long distance seasonal movements (>100 km) between shallow and deep waters to pursue optimal water temperature for growth and egg development (Cobb and Wahle, 1994) . Water temperature above 20.6 • C creates a stressful environment for H. americanus as the species is forced to spend more energy for respiration and less energy for growth and feeding (McLeese, 1958; Dove et al., 2005; Fogarty et al., 2007) . Adult lobsters respond to even small changes in temperature (Crossin et al., 1998; Jury and Watson III, 2000) both behaviorally (e.g., movement) and physiologically (e.g., changes in cardiac cycle) (McLeese and Wilder, 1958; Worden et al., 2006) .
The favorable habitat and spatial distribution of H. americanus vary with life stage and season (MacKenzie and Moring, 1985; Chang et al., 2010) . Small juveniles typically remain inshore and within a home range of about 5-15 km, and do not exhibit large-scale seasonal movements (Cooper et al., 1975) . Mature individuals exhibit an average annual range of 32 km (Campbell, 1986) , and have a higher tolerance to deeper and cooler waters. In the GOM, adults migrate inshore and into estuaries during spring, and then migrate back offshore late fall Chen et al., 2006a) . Differences in the spatial distribution of H. americanus with size composition suggest stage and season-specific responses to climate-driven variables such as bottom temperature and salinity (Jury et al., 1994; Factor, 1995) .
Climate change is rapidly altering environmental conditions in the GOM. This could significantly impact H. americanus because its abundance appears to be primarily regulated by bottom-up forces (e.g., climate-driven changes in environment and resources) (Mills et al., 2013; Steneck and Wahle, 2013; Boudreau et al., 2015; Fernandez et al., 2015) . Relationships between H. americanus distribution and climate variables have been well documented (Chang et al., 2010; Mills et al., 2013; Tanaka and Chen, 2015) . Sea surface temperature in GOM shows an increase of 0.03 • C per year, resulting in a 1 • C increase in the mean temperature since 1982 (Mills et al., 2013) . At the southern end of the species' range, summer sea surface temperature has increased approximately 0.09 • C per year since 1990 (Wahle et al., 2015) . Such an abrupt increase in temperature is hypothesized to alter availability of suitable habitat for H. americanus and lead to a significant decline in the density and size composition in H. americanus nurseries (Tanaka and Chen, 2015; Wahle et al., 2015) . While a northward shift in the species' distribution in response to climate variability has been observed (Pinsky et al., 2013) , impacts of gradual and abrupt warming events on the spatiotemporal availability of suitable H. americanus habitat remain understudied. Such a knowledge gap restricts us from gaining a mechanistic understanding of the impacts of climate variability on the spatial dynamics of fish populations, which is crucial for implementation of effective ecosystem-based fishery management.
A bioclimate envelope model is a type of species distribution models, and has become a common ecological tool to hind-cast/forecast species' responses to climatic variability (Pearson and Dawson, 2003; Araújo and Peterson, 2012; Watling et al., 2013) . A bioclimate envelope is commonly defined as a set of physical and biological conditions that are suitable to a given species (Cheung et al., 2009 (Cheung et al., , 2008 . Bioclimate envelope models define climate-driven habitat suitability by using quantitative associations between climate variables and relative species abundance or occurrence, but do not incorporate predatorprey interactions or dispersal ability of a given species (Cheung et al., 2009 (Cheung et al., , 2008 . Thus, the utility of bioclimate envelope models lies in estimating realized niches of a given species, and is often applied to examine the spatial distribution of suitable environments as well as patterns and limiting factors for the species of interest (Stock et al., 2011; Araújo and Peterson, 2012; Watling et al., 2013) .
In this study, an empirical bioclimate envelope model was developed based on season, sex and life history stage specific Habitat Suitability Indices (HSI) to evaluate spatiotemporal variability of a bioclimate envelope for H. americanus in the coastal waters of Maine and New Hampshire during spring (April-June) and fall (September-November) from 1978 to 2013. The HSI is an ecological index developed by the U.S. Fish and Wildlife Service (FWS) to facilitate habitat evaluation procedures (U. S Fish and Wildlife Service, 1981 ). An HSI quantifies habitat suitability for a given species on a scale of 0-1 to represent "least suitable" to "most suitable" habitats, respectively (Franklin, 2010) . It is a useful tool to describe the relationship between relative species abundance and ecological variables (Vinagre et al., 2006; Tian et al., 2009) . The construction of an HSI is a repeatable technique, and the utility lies in enabling managers to predict where a species is likely to occur within a distributional range. In fisheries management, HSI is often combined with a geographic information system (GIS) to analyze the spatiotemporal variability in fish habitat preference, availability, and quality to make informed decisions (Terrell, 1984; Bovee and Zuboy, 1988; Morris and Ball, 2006; Chang et al., 2012 (Tanaka and Chen, 2015) .
This study expands upon the modeling framework developed in Tanaka and Chen (2015) and adds an analytical component exploring the impact of changes in climate-driven H. americanus habitat suitability over 1978-2013 in the coastal waters of Maine and New Hampshire. Bioclimate envelopes were defined by habitat suitability based on bottom temperature, depth and bottom salinity.
These three environmental attributes were chosen based on previous studies (Chang et al., 2010; Tanaka and Chen, 2015) . A major advantage of the bioclimate model developed in this study is the incorporation of a regional ocean model for hindcasting impacts of climate change over 1978-2013. Such a contribution is important for understanding potential biome shifts in marine environments under changing climate (Harley et al., 2006) . Although the model does not explicitly incorporate the effects of biological interactions and evolutionary process (Pearson and Dawson, 2003) , the implications of these uncertainties are discussed. (Fig. 1) . The survey employed a stratified random design, with the coastal waters of Maine and New Hampshire being divided into five longitudinal areas based on abiotic and biotic features (Sherman et al., 2005; Cao et al., 2014) . Each stratum is further separated into four depth classes (9-37 m, 37-64 m, 64-100 m, and >100 m with 12 km offshore limit), resulting in a total of 20 strata. Each survey targets 115 stations with a sampling density of 1 station for every 137.2 km 2 . The number of tows in a given stratum is adjusted according to areas of each stratum size. The fishing gear is a modified shrimp net with 50.8 mm mesh in wings and 12.7 mm mesh liner in the cod end (Sherman et al., 2005) .
MATERIALS AND METHODS

Maine
The targeted tow duration is 20 min at a velocity of 2.2-2.3 knots to cover approximately 1.48 km 2 . A CTD profiler is deployed at each tow to record salinity, temperature and depth (Sherman et al., 2005) .
Environmental data
The unstructured-grid Finite-Volume Community Ocean Model (FVCOM) was used to simulate monthly estimates of bottom temperature and salinity by location and time in the coastal waters of Maine and New Hampshire from 1978 to 2013. The FVCOM is a regional coastal ocean circulation model developed by the University of Massachusetts-Dartmouth and the Woods Hole Oceanographic Institution. It has a horizontal resolution ranging from 0.02 km to 10 km (Chen et al., 2006b ). The unstructured FVCOM grid can capture complex and irregular coastal geometry, which makes FVCOM suitable for physical and biological studies in coastal regions and estuaries (Chen et al., 2006b; Huang et al., 2008) . Bathymetry data were obtained from the U.S.
Coastal Relief Model (CRM) (NGDC, 1999) .
Data analysis and model development
This study is an extension of an earlier modeling effort for H. americanus in Long Island Sound (Tanaka and Chen, 2015) . The overall procedure for developing the HSI-based bioclimate envelope model (Fig. 2) was modified from Tanaka and Chen (2015) . H. americanus exhibits season, size, and sex specific preferences to surrounding environment (Chang et al., 2010) . For example, the species' response to change in temperature is determined by season or thermal history through acclimization (Worden et. Al., 2006; Qadri et al., 2007 ; Jury and Watson III, 2013) . The survey data were consequently analyzed separately by season (spring and fall), sex and for two H. americanus stage classes (adult: >60mm carapace length, juvenile: ≤ 60mm carapace length). The carapace length of 60mm represents the minimum size at maturity defined by ASMFC (ASMFC, 2009).
The standardized H. americanus abundance index derived from the survey was used to develop sustainability indices (SIs) for each environmental variable. The nominal abundance index was calculated as a survey catch per unit of sampling effort (CPUE) at station i, in season j, and year y (Chang et al., 2012; Tanaka and Chen, 2015) ;
where Count represents the total quantity of either adult or juvenile H. americanus caught and Tow duration is measured in minutes. Continuous environmental variables (temperature, salinity and depth) were delineated into 10 classes using
Fisher's natural breaks classification method (Bivand, 2013) . The SI of class k for environment variable i, SI i,k , was calculated on a scale of 0.0-1.0 following (Chang et al., 2012; Tanaka and Chen, 2015) : Suitability Indices (SIs) were estimated using the histogram method (Vinagre et al., 2006; Chen et al., 2010) , and a trimmed mean function was used to remove any missing values and 5% of the highest and lowest scores to eliminate outliers (Tukey,1977; Crawley, 2007) . Local polynomial regression fitting (LOESS) smoothing was applied to the SIs (R Core Team, 2014). Suitable ranges were identified as SI values above 0.8 (McMahon, 1983; Tanaka and Chen, 2015) . The SIs were combined to form composite HSI also scaled from 0 to 1 following two mathematical equations (Franklin, 2010; Chang et al., 2012; Tanaka and Chen, 2015) ;
where SI i represents a SI value associated with the i th environmental variable while n represents the number of environmental variables included in either AMM or GMM HSI.
???
The predictive ability of HSIs was evaluated in a cross-validation study, which was conducted independently for each H. americanus group. A randomly selected subset representing 80% of all the data (training data set) was used for HSI development, while the remaining 20% (testing data set) was used for the evaluation of the HSI performance (Smith, 1994; Zuur et al., 2007; Tanaka and Chen, 2015) . The predicted HSI values (based on the training data set) were compared against the observed HSI values (based on the testing data set), and linear regression analysis was performed to evaluate the predictive performance of the HSI. This cross-validation procedure was repeated 100 times using random selection in each step to obtain 100 sets of liner regression parameters (intercept, slope, R 2 , and Akaike Information Criterion AIC). The results for both AMM and GMM were compared to determine which model had better predictive ability, which was quantified by an intercept (α) closest to 0, a slope (β)
closest to 1, higher R 2 and lower AIC. The 95% conference intervals derived from the 100 runs of simulation were compared to evaluate the difference for each regression parameter between the AMM and GMM. 
Spatial and temporal HSI-based bioclimate envelope analysis
The model generated an HSI-based bioclimatic envelope for every spring and fall season between 1978 and 2013 for both sexes and both stages of H.
americanus.
A spatial interpolation technique using variogram modeling and ordinary kriging was implemented in the R programming environment to visualize the model outputs (Bailey and Gatrell, 1995; R Core Team, 2014) . Semivariogram models were fitted with gaussian, exponential, and spherical variograms with non-linear least squares using R package "gstat". The model with the lowest mean squared error was used for kriging (Pebesma, 2004) . Interpolated model outputs were mapped using "sp" R package (Pebesma and Bivand, 2005) . The model outputs were first inspected visually. The interpolated surfaces for each modeled group were subtracted from one another to produce mean season, sex, and stage specific differences.
The distribution of median HSI over 36 years was evaluated for the spatial trend in the quality of bioclimate envelopes. In this study, an area with HSI value larger than 0.7 was designated as good habitat, while the area with HSI value below 0.3 as poor habitat (Brooks, 1997; Tian et al., 2009; Chang et al., 2012; Williams and Biggs, 2012 
RESULTS
Suitability index of each environmental variable
The highest SI for each environmental variable differed by sex, stage and season ( Fig. 4 ; Table 1 for all the 8 modeling groups. Therefore, AMM was determined to be more appropriate than GMM in this study. Among the eight modeling groups, spring-femaleadult showed the best predictive performance with the highest R 2 and the lowest AIC, while predictive performance for the fall-male-juvenile was the poorest with the lowest R 2 and the highest AIC.
Model prediction
The season, stage, and sex specific bioclimate envelopes for H. americanus were generated based on predicted HSI at every FVCOM grid in the DMR bottom trawl survey area (Fig. 5) . Overall, high habitat suitability in inshore waters appeared to occur together while offshore areas were of low habitat suitability.
Visual inspection revealed a higher propensity for suitable habitat (i.e., HSI > 0.7) for both juveniles in spring, while a greater area of suitable habitat in the fall was observed for adults. Adult bioclimate envelopes were more extensive than juvenile bioclimate envelopes in both seasons and sexes. Finally, the model predicted higher habitat suit-ability for female juveniles in the Penobscot Bay in fall, compared to male juveniles (Fig. 5) . Season, stage, and sex specific comparison of interpolated model predictions showed larger mean differences between seasons (0.2058), compared to the differences between stages (0.0926) and between sexes (0.0982).
The changes in climate-driven habitat suitability during 1978-2013 are shown in Fig. 6 . In the spring, there was greater change toward higher habitat suitability throughout coastal waters for both modeled stages and sexes. In the fall, the change was less significant in magnitude (fainter in color) for both sexes and stages. A declining trend in habitat suitability was observed in the upper Penobscot Bay in all eight modeled groups.
Temporal variation in climate driven-habitat suitability during 1978-2013 was observed for both seasons, stages and sexes of H. americanus (Fig. 7) . A significant increasing trend in habitat suitability was observed in all groups, except in the fall (β= −0.0001, p= 0.806). The cross-correlation analysis revealed significant relationships between HSI and both temperature and salinity in the spring, while the correlations between the variables were less significant in the fall (Fig. 8) .
The relative proportion of poor, fair, and good habitat conditions (HSI < 0.3, 0.3 < = HSI < 0.7, and 0.7 < = HSI, respectively) was identified from 1978-2013 for both modeled stages, sexes, and seasons (Fig. 9) . Proportion of habitat condition showed a similar trend between adult-juveniles and male-females;
however, a larger proportion of good habitat was observed during the fall while a pronounced proportion of poor habitat was observed during the spring (Fig.   9 ).
DISCUSSION
Variability of the bioclimate envelopes and suitability index of each bioclimatic attribute
The modeling results showed higher climate-driven habitat suitability during the fall, which was consistent with the field survey trends reporting higher lobster abundance during the fall survey (ASMFCb, 2015) . The overall declining trend in habitat suitability in the upper Penobscot Bay suggests that contraction of H. americanus habitat is driven by the changes in bottom temperature and salinity. Empirical studies in the Great Bay Estuary, NH and Narragansett Bay, RI have shown the contraction of the species' suitable habitat in estuarine systems where temperature and salinity become sub-optimal Jury and Watson III, 2012) . The greater propensity toward higher habitat suitability throughout coastal waters for both modeled stages and sexes during the spring indicates an increasing number of days that bottom temperature and salinity falls within the species' optimal range in this area. The modeling results show that the best predictive power was derived for adult females in spring (Table 2 ).
This reflects adult females potentially exhibiting more significant behavioral thermoregulation compared to H. americanus of different stage, sex, and season (Campbell, 1986; Crossin et al., 1998) . Hatching of eggs occurs in spring when bottom water temperature reaches approximately 15 • C, and completes within a relatively short time span of 10-14 days (Hughes and Matthiessen, 1962) .
Although few studies have focused on relationships between behaviors of adult females and surrounding environment, it has been proposed that eggbearing females seek to subject their eggs to a specific thermal regime during the spring to maximize degree-days required for egg development (Campbell, 1986; Ugarte, 1995; Goldstein and Watson III, 2015) . This is plausible as H.
americanus can detect very small changes in water temperature (Jury and Watson III, 2000) , and the species' highly mobile and thermos regulated nature allow them to seek their preferred thermal regime (Crossin et al., 1998; Jury et al., 2013; Jury and Watson III, 2013; Reynolds and Casterlin, 1979) .
However, H. americanus also exhibits varying response and preference specific to changes in salinity, depth and other environmental factors depending on their physiological condition, sex, molt stage, and size (Mercaldo-Allen and Kuropat, 1994). Therefore, it is difficult to identify the extent to which environmental variables regulate the behavior of the species over others. In this regard, future bioclimate modeling efforts should actively incorporate mechanistic understanding of the species' metabolic response to each environmental variable.
The season-and stage-specific SIs for temperature, depth, and salinity were consistent with the existing literature of H. americanus habitat preferences.
Seasonal shifts in SI curves likely reflect a composite result of interaction between different levels of temperature, light, oxygen concentration, salinity, food availability and predation dynamics exist at different water depths and seasons. The SI-temperature curves identified shifts in suitable thermal ranges between spring and fall for both adults and juveniles. Suitable temperature for H. americanus varied from 11.6-14.3 • C in the fall, and 8.4-10.6 • C in the spring.
This was consistent with past findings reporting the species' avoidance of temperature below 5 • C and above 18 • C (Aiken and Waddy, 1986; Lawton and Lavalli, 1995; Crossin et al., 1998; Jury and Watson III, 2013) . The SItemperature curves generally did not show unimodal shape, and with the reported thermal preference of the species of 15.9 • C (Crossin et al., 1998) and 16.5 • C (Reynolds and Casterlin, 1979) suggests evenwarmer bottom temperatures would be more suitable with no adverse effects. The significant shift in SI-depth curves for adults suggests a seasonal inshore/offshore migration, while a less significant shift in SI-depth curves for juveniles suggests a more localized migration along the coastal waters (Lawton and Lavalli, 1995) . Adults exhibited a broader suitable salinity range in the fall, while juveniles showed a shift in suitable salinity ranges between spring and fall. The difference in suitable salinity ranges possibly reflected the juveniles actively moving to optimal salinity ranges due to their limited ability to osmoregulate (Charmantier and Aiken, 1987) .
Model limitations and future improvements
Understanding climate-driven habitat suitability is a key component in the sustainable management of fishery resources Cheung et al., 2008 Cheung et al., , 2009 First, contrary to previously documented substrate preferences by post-settled H. americanus for shelter-providing rocky and boulder landscape (Barshaw and Bryant-Rich, 1988; Wahle and Steneck, 1991; Lawton and Lavalli, 1995) (Steneck and Wilson, 2001) and there are several areas that could not be towed due to complex bottom structure (Sherman et al., 2005; Cao et al., 2014) .
Second, the CONMAP database did not distinguish between boulder or cobble as both substrates were included in the gravel category. The CONMAP categorized bottom substrate type in the study area as gravel (pebbles defined as 2.00-64.00 mm, cobbles defined as 64-256 mm, boulder defined as above 256 mm), gravel-sand (0.62-2.00 mm), sand-clay (0.001-0.004 mm), sandclay/silt (0.004-0.062 mm), sand-silt/clay, and sand/silt/clay (Poppe et al., 2005) . Although gravel, cobble, and boulder substrates are generally uncommon throughout the northeast coastal waters and only comprise 10-16% of the bottom type at depth less than 20 m along the coastline of Maine (Barnhardt et al., 1996; Hovel and Wahle, 2010) , the overgeneralization of key substrates coupled with potentially biased H. americanus abundance and spatial patchiness of cobble/boulder substrates may have resulted in a biased estimation of SI-bottom substrate in this study.
Overall, SI-bottom substrate results were determined not to be meaningful as they were likely to be heavily biased by insufficient resolution of the substrate data and the limitation of the bottom trawl survey sampling design with key substrate type. The removal of bottom substrate type from the final model ignored the importance of shelter-providing gravel/cobble/boulder substrates as essential nursery substrates. While these data-driven biases and limitations cannot be quantified or ignored, the use of traditional ecological knowledge may be used as a qualitative correction criterion for these biases (Store and Kangas, 2001; Vincenzi et al., 2007) . For future studies, the use of ventless trap based abundance index may be used to enhance the understanding of the species' association to temperature, salinity, depth and substrate (Maine DMR, 2006) . A random stratified ventless trap survey can provide relative H.
americanus abundance without the biases identified in conventional bottom trawl surveys. While data are available for the ventless trap survey for fewer years and it has smaller sampling coverage, this supplementary fisheryindependent data can be used to compliment and validate the known sampling bias associated with the Maine-New Hampshire bottom trawl survey (Cao et al., 2014) .
Assumptions and limitations inherent in bioclimatic envelope models
Calibration of bioclimate envelope model is often based on a restricted number of environmental variables, and forced to neglect food-web interactions, species dispersion, or ecosystem productivity because of the difficulty in obtaining reliable information (Pearson and Dawson, 2003; Cheung et al., 2008 Cheung et al., , 2009 Stock et al., 2011; Jian et al., 2013; Watling et al., 2013; Tanaka and Chen, 2015) .
The model developed in this study aimed to predict relative habitat suitability rather than actual species biomass or population level, and did not explicitly incorporate biotic interaction such as inter-specific or food-web interactions. It is likely that predators and prey of H. americanus respond differently to changes in climate-driven oceanographic conditions. For example, the increase in H.
americanus abundance in the GOM may be correlated to changes in predators and prey abundance (Steneck and Wahle, 2013; Wahle et al., 2013) . Integrating biotic interactions, multispecies population dynamics and species dispersal in predicting impact of climate variables would be the next modeling step and may address some of these limitations (Cheung et al., 2009 (Cheung et al., , 2008 .
Furthermore, the assumption that habitat preference of targeted species will remain unchanged with the shifting climatic conditions should be tested as evolutionary adaptations may yield factors that could affect the model outcomes (Pearson and Dawson, 2003; Stock et al., 2011; Araújo and Peterson, 2012) . The model in this study was implicitly based on the niche conservatism. However, the extent to species to retain their ancestral traits and physiological thresholds is highly debated in a climate change context (Pearson and Dawson, 2003; Crisp et al., 2009) . Some species may exhibit evolutionary adaptation to changing climates (e.g., increasing variety of habitat types and dispersal ability), while many species are susceptible to ecological change with a limited adaptive capacity to new biomes. Evolutionary changes may alter patterns of range-shifting of a targeted species, However, the rate of genetic changes in marine species with regard to climate change is poorly understood (Cheung et al., 2008) , while a global trend toward the niche conservatism was observed as only 3.6% of the evolutionary divergences involved a biome shift (Crisp et al., 2009) . Defining target species' physiological thresholds may address these problems in future applications.
A mismatch between prediction and observation is inherent and inevitable in modeling of open environmental systems (Oreskes et al., 1994; Araújo and Peterson, 2012) . When a bioclimate envelope model evaluates a specific environment for a given species, prediction error is often due to potential species presence in un-sampled areas or extrinsic factors not included in the modeling effort (Araújo and Peterson, 2012) . Such commission error does not indicate model flaws, but simply indicates that the model needs further development (Oreskes et al., 1994 (Chang et al., 2012) . The three environmental variables had equal weight in the model, but the actual importance of different environmental variables may differ (Gong et al., 2012) . This needs considered the next modeling effort reflect the relative influence of confounding variables on bioclimate envelope models.
The three environmental variables considered in this study were chosen based on perceived importance and data availability, but many other environmental variables can also greatly influence the species' habitat quality (Lawton and Lavalli, 1995) . These variables may include more climate and ecological variables such as thermal fronts, latitude and longitude, coastal upwelling, regional climate forcing, change in pH level and dissolved oxygen concentration (Mercaldo-Allen and Kuropat., 1994; Boudreau et al., 2015) .
Alter-natively, exclusion of certain habitat variables (e.g., depth) should be considered to allow greater change in the species' distribution as a result of changes in other variables in future projection (Hare et al., 2013) . While this study focused on climatic impacts on the species' realized niche, a mechanistic niche modeling to understand how environmental conditions affect the species' growth, survival and reproduction should be considered for future projection of climate change impact (Kearney, 2006) .
Management implications
Commercial fish stocks including H. americanus often exhibit strong physiological responses to abrupt changes in the environment (Mills et al., 2013) . Furthermore, sea surface temperature has increased significantly in the coastal waters of Maine and New Hampshire since the late 1990s, while the number of days that water temperature falls within the optimal range for the species has also increased (ASMFCb, 2015) . Conventional stock assessments often neglect to address environmental variability (NMFS, 2010) , but the modeling framework developed in this study can be used to characterize season-, sex-, and stage specific H. americanus habitat condition and provide several opportunities where climate variability can inform and improve stock assessments.
Recruitment in fish stocks often appears to be influenced by environmental conditions (Myers, 1998; Brander and Mohn, 2004; Keyl and Wolff, 2008 (Horodysky et al., 2015) . Differences between the nature of stratification by fishes and surveys can lead to flaws in inferences. Climate-driven change in species distribution and migration patterns may also affect survey catchability (NEFSC, 2014) .
Here, developing a species-specific bioclimate envelope models provide several advantages of (1) incorporating bioclimatic variables and climatic variability into stock assessments to improve the model fittings, and (2) avoiding fixed and subjective stratification to improve precision and accuracy of estimated stock status (Shelton et al., 2014) .
As the rate of climate change is predicted to accelerate in the future, alongside the species' ongoing distributional shifts (Pinsky et al., 2013) , there is a growing need to assess changes in H. americanus habitat condition. Under RCP 8.5 emissions scenario, average bottom temperature in Northeast U.S.
Continental Shelf system is expected to increase more than 1 • C by 2050 (IPCC, 2014; NOAA, 2015) . While the projected increase in bottom temperature in the Gulf of Maine is not expected to exceed the species' maximum temperature tolerance and may even considered favorable, management uncertainties at the southern range limits of the species can be addressed through scenario-based analysis (Hare et al., 2013; Shackell et al., 2014; ASMFCb, 2015) . Bioclimate envelope models are valuable tools to; (1) evaluate climate impacts and aid implementation of ecosystem-based fishery management, and (2) generate hypotheses of large scale potential ecological changes in climate-driven marine environment (Cheung et al., 2009 . Upper panel represents fall (SeptemberNovember), while lower panel represents spring (April-June). y-axis represents percentage of the study area.
